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THE LOW FREQUENCY ARRAY AND THE TRANSIENT AND VARIABLE
RADIO SKY
by Martin Ellis Bell
This thesis addresses the topic of exploring and characterising the transient and
variable radio sky, using both existing radio telescopes, and the next generation of
radio facilities such as the Low Frequency Array (LOFAR). Studies of well known
variable radio sources are presented in conjunction with blind searches of parame-
ter space for unknown sources. Firstly, a three year campaign to monitor the low
luminosity Active Galactic Nucleus NGC 7213 in the radio and X-ray bands is pre-
sented. Cross-correlation functions are used to calculate a global time lag between
inﬂow (X-ray) and outﬂow (radio) events. Through this work the previously es-
tablished scaling relationship between core radio and X-ray luminosities and black
hole mass, known as the ‘fundamental plane of black hole activity’ is also explored
with respect to NGC 7213.
Secondly, the technical and algorithmic procedures to search for transient and
variable radio sources within radio images is presented. These algorithms are in-
tended for deployment on the LOFAR telescope, however, they are heavily tested
in a blind survey using data obtained from the VLA archive. Through this work an
upper limit on the rate of transient events on the sky at GHz frequencies is placed
and compared with those found from other dedicated transient surveys.
Finally, the design, operation and data reduction procedure for the Low Fre-
quency Array, which will revolutionise our understanding of low frequency time
domain astrophysics is explored. LOFAR commissioning observations are reduced
and searched for transient and variable radio sources. The current quality of the
calibration limits accurate variability studies, however, two unique LOFAR tran-
sient candidates that are not present in known radio source catalogues are explored
(including multi-wavelength followup observations).
In the conclusion to this thesis the parameter space that future radio telescopes
may probe - including the potential rates of such events - is presented. At the nano-
Jansky level up to 107 transients deg−2 yr−1 are predicted, which will form an
unprecedented torrent of data, followup and unique physics to classify.Astronomy? Impossible to understand and madness to
investigate.
SOPHOCLES, C. 420 BCE
I don’t know how people have time to read books, I am
far too busy lying drunk face down in wet ﬁelds.
OLIVER REED (1938 – 1999)1.2 The Low Frequency Array (LOFAR) 15
The spectral index should be taken into account when comparing survey speeds
at different wavelengths, as should the Log N - Log S of the known radio source
population. I will return to a discussion of the known radio source and transient Log
N - Log S later in this thesis. I will also discuss the concept of the transient source
Log N - Log S - Log t, which is the time domain consideration of the standard Log
N - Log S.2.4 This thesis 39
0127; and ﬁnally a blind survey of archival VLA calibrator ﬁelds to search
for transient sources.
• In Chapter 6 of this thesis I will address the task of using the LOFAR stan-
dard imaging pipeline to produce LOFAR images. In this Chapter I will also
present the ﬁndings from a transient search conducted on one of the LOFAR
zenith monitoring ﬁelds.One man’s constant is another man’s variable.
ALAN PERLIS (1922 - 1990)
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Testing and reﬁning the LOFAR
transients detection pipeline
In this chapter I will present the contribution I have made to the testing and de-
velopment of the LOFAR transients detection pipeline. I will present a prototype
transients pipeline which I have constructed, with the help of LOFAR Transients
Key Science Project (TKSP) members, to perform the testing conducted in this the-
sis. I will refer to this prototype pipeline explicitly as LTraP. I will state clearly
when code has been developed by other LOFAR TKSP members - as it is a major
project with many components. I will also present some functionality of the fully
operational LOFAR transients detection pipeline, for clarity. I will give examples
within this chapter of some of the intricacies of transient detection, and offer some
suggestions for further improvement with regard to full operations. The total time
I have contributed to testing and developing the LTraP is ∼ one year, spread over
four PhD years.
654.3 Visualisation 81
storing FITS images with LOFAR might be impractical, therefore extracting
thumbnails may be required.
• The lightcurve was extracted from the database, plotted and added onto the
webpage.
• Metadata for each source was added (in text) to the webpage. This metadata
includedRA and DEC, detection leveland timescaleofvariability(ifdetected
multiple times). The peak and integrated ﬂuxes were compared to assess if
the source was a point source – a classiﬁcation of ‘point’ or ‘resolved’ was
then added to the page accordingly.
• If the source was a single epoch detection, all images were reﬁtted with ellip-
tical Gaussian and the lightcurve was added to the page.
• If there was an associated catalogued source (NVSS, WENSS or VLSS) the
associatedsourceid. numberand distancetothesourcewerealsoadded tothe
webpage. This was used to check that sources had been correctly associated
with the NVSS, WENSS and VLSS counterparts.
An example webpage is shown in Figure 4.7. The infrastructure described above
could be modiﬁed to retrieve any information from the database (using MySQL),
which can subsequently be used to generate outputs on the webpages.
All sources that were deemed variable or transient were processed by using
the procedure described above. The ﬁnal list of transient sources and the links
to the webpages generated, were ordered based on either detection threshold (sin-
gle epoch) or index of variability for variable sources. After the pipeline had ﬁn-
ished the post-processing, a ﬁrefox browser was automatically loaded to let the user
browse the results.
ThetoolsdescribedabovehavebeenusefultoheavilytestvariousLTraPsettings,
to expose bugs within the pipeline code and to proceed with commissioning. They
have also been important to test the possible future full scale visualisation needed
for LOFAR. The tools developed for the work conducted within this thesis did how-
ever have their pitfalls. The toolbars were good with large numbers of images, with
a small number of sources. The webpages were useful for large number of sources
with a small number of images i.e. it is inpractical to view large numbers (>100) of
thumbnail images on a webpage. The ﬁnal LOFAR visualisationtoolkit may indeed
include implementations of both webpages and software. One choice would to be
to use the PHP dynamic internet language, which can execute embedded MySQL4.5 Conclusion 87
radio sky and alert the community, in real time, to interesting sources and in certain
scenarios, trigger multi-wavelength follow-up. There are a lot of settings within
the transient algorithms, some of which have been tested (as part of this thesis) and
others which will only be tested in future commissioning. Optimised settings, for
example, within the source extractor and the MySQL transients searches will need
tobereﬁned and augmentedbeforefull operations. Iwillelaborateonthissubjectin
Chapter 6 when I apply the algorithms to LOFAR commissioning data. In Chapter
5 I will also present how these algorithms have been used to interrogate archival
VLA images.
In principle the algorithms that have been developed for LOFAR will potentially
be deployed to other instruments. Applying the algorithms to different waveband
images may however require different treatment. For example, at GHz frequencies
extended sources will be more abundant; image subtraction may need to be applied
to remove non-variable extended structure before source extraction. This will mean
howeverthat the source extraction algorithms will need the functionality to ﬁt nega-
tive peaked elliptical Gaussians within the images. At MHz frequencies, bandwidth
smearing, ionospheric effects and wide ﬁeld imaging artifacts may complicate tran-
sient searches further. I will return to some of these concepts in the remainder of
this thesis.5.1 Testing the LOFAR transient detection pipeline on the Bower ﬁeld 91
• The visibilities were calibrated using the ﬂux and phase corrections derived
from J1803+784 (phase calibrator).
• The calibrated data were imaged and de-convolved with 500 CLEAN itera-
tions and a gain loop of 0.1.
• The primary beam correction was applied to the data.
• The images were then exported from AIPS to disk in FITS ﬁle format.
• Eachcalibrateddatasetwasconcatenated(per-conﬁguration)andimagedonce
the pipeline had ﬁnished processing all the data ﬁles.
The procedure was constructed within a Python ‘for’ loop to cycle around mul-
tiple datasets. For each VLA conﬁguration I applied the same cell (pixel) size and
image size to each observation (per-conﬁguration), so that twice the half-power
radius was imaged (see Figure 5.1 for details). In each VLA conﬁguration the max-
imum resolution (i.e. the cell/pixel size) is set by the maximum baseline length.
The is dependent on the available antennas in the outer conﬁguration, which can
change. By specifying the same cell and image size for each VLA conﬁguration I
could make each image (in that conﬁguration) explicitly comparable.
The automated VLA pipeline, although not being as advanced as that used in
later sections, did an excellent job of creating the Bower images with good image
ﬁdelity. The typical RMS was ∼ 50 mJy: comparable with that quoted in Bower et
al. (2007). A number of persistent sources were retrieved in each image, and were
consistent in ﬂux with those reported in Bower et al. (2007). To give the reader
an intuitive feel for the Bower ﬁeld, the top panel of Figure 5.2 shows an image
constructed from 40 images in D-conﬁguration using the pipeline presented in this
chapter. This image has an RMS of 13.8 mJy. On the bottom panel I show the deep
image (constructed using all VLA conﬁgurations) presented in Bower et al. (2007),
which has an RMS of 2.6 mJy. On both images the half-power (small circle) and
twice the half-power (large circle) radii are shown.
After the images were created they were processed through the source extraction
algorithms. A detection level of 5s and an analysis threshold of 3s was set. The
Bower et al. (2007) study set a detection threshold of 5 to 6s depending on array
conﬁguration.118 Chapter 5. Archival radio transients
This VLA calibrator survey did not detect any radio transients and I have placed
a constraint on the snapshot rate of radio transients. I have compared this constraint
with results from other surveysand although I did not detect any transients it is clear
that large volumes of parameter space still remain unexplored. As new surveys
push into the sub-mJy regime with various cadences and at different frequencies,
deﬁnitive transient source populations should become apparent. In general, these
populations could potentially populate distinct regions of the Log N - Log S - Log t.
By exploring the availableparameter space at predeﬁned cadences, new surveyscan
explore how different populations of transients behave as a function of timescale,
ﬂux density and abundance. Therefore with the next generation of radio telescopes
such as LOFAR becoming available soon, the problem of inadequate sampling of
rare transient phenomena will be alleviated. Due also to the triggering of multi-
wavelength followup the classiﬁcation and interpretation of these events will come
of age.
It seems clear that a large population of bright (> mJy), GHz, frequent radio
transients does not exist. Therefore the sub-mJy GHz regime is clearly an important
part of parameter space to probe for radio transients. The high dynamic range, and
wide-ﬁeld capabilities, of GHz instruments such as APERTIF (APERture Tiles In
Focus, wide ﬁeld upgrade to the Westerbork Synthesis Radio Telescope; Verheijen
et al. 2008) and ASKAP make them attractive, potentially high yield, discovery
instruments.154 Chapter 6. Blind searches for transients in LOFAR commissioning data
have only focussed on producing one combined image from 12 hours of data; it is a
goal to produce images on much shorter timescales (i.e. one second). Dividing the
datasets described in this chapter into smaller chunks and re-imaging could yield
further intersting results, because we would be more sensitive to transients with
that characteristic timescale. A single 12 hour dataset would produce some 43200
one second images, which in turn would place stringent limits on the rates of short
durations transients: if none were detected.
So far ILT J0320.3+5512 remains the most promising candidate and may well
turn out to be the ﬁrst transient detected with LOFAR, however, it must stand up to
rigoroustestingwithdifferentalgorithmsand datareductionprocedures. Potentially
many more observations of the B0329+54 ﬁeld will be obtained, and assuming that
each image holds an equal chance of detection, it should hopefully not be long
before we have the ﬁrst conﬁrmed LOFAR transient to report. In the ﬁnal chapter to
this thesis I will comment further on the parameter space we have probed with this
survey, and I will relate this to the potential parameter space other SKA pathﬁnder
instruments might explore.APPENDICES171
Cimager.gridder.WProject.nwplanes=257
Cimager.gridder.WProject.oversample=1
Cimager.gridder.WProject.wmax=15000
Cimager.gridder.padding=1
Cimager.ncycles=1
Cimager.restore=True
Cimager.restore.beam=ﬁt
Cimager.solver=Clean
Cimager.solver.Clean.algorithm=Hogbom
Cimager.solver.Clean.gain=0.1
Cimager.solver.Clean.niter=200
Cimager.solver.Clean.scales=[0, 3]
Cimager.solver.Clean.verbose=True
Cimager.preconditioner.Names=Robust
Cimager.preconditioner.Robust.robustness=0.0BIBLIOGRAPHY
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